Impulses in primary afferent nerve fibers may produce short-or long-lasting modifications in spinal nociception. Here we have identified a robust long-term depression (LTD) of synaptic transmission in substantia gelatinosa neurons that can be induced by low-frequency stimulation of primary afferent A␦-fibers. Synaptic transmission between dorsal root afferents and neurons in the substantia gelatinosa of the spinal cord dorsal horn was examined by intracellular recording in a transverse slice dorsal root preparation of rat spinal cord. Conditioning stimulation of dorsal roots with 900 pulses given at 1 Hz (10 V, 0.1 msec) produced LTD of EPSP amplitudes in substantia gelatinosa neurons to 41 Ϯ 10% of control that lasted for at least 2 hr. When A-and C-fibers were recruited, conditioning stimulation was as effective as A-fiber stimulation alone. After LTD, synaptic strength could be increased to its original level by applying a second, high-frequency tetanic stimulus to the dorsal root, indicating that LTD is reversible and not attributable to damage of individual synapses. Bath application of the GABA A receptor antagonist bicuculline and glycine receptor antagonist strychnine did not affect LTD. When NMDA receptors were blocked by bath application of D-2-amino-5-phosphonovaleric acid, LTD was abolished or strongly reduced. Loading substantia gelatinosa neurons with Ca 2ϩ chelator BAPTA also blocked or reduced LTD. After incubation of slices with calyculin A, a selective and membrane permeable inhibitor of protein phosphatases 1 and 2A, LTD was not attenuated. We propose that this form of LTD may be relevant for long-lasting segmental antinociception after afferent stimulation.
Impulses in primary afferent nerve fibers may produce short-or long-lasting modifications in spinal nociception. Here we have identified a robust long-term depression (LTD) of synaptic transmission in substantia gelatinosa neurons that can be induced by low-frequency stimulation of primary afferent A␦-fibers. Synaptic transmission between dorsal root afferents and neurons in the substantia gelatinosa of the spinal cord dorsal horn was examined by intracellular recording in a transverse slice dorsal root preparation of rat spinal cord. Conditioning stimulation of dorsal roots with 900 pulses given at 1 Hz (10 V, 0.1 msec) produced LTD of EPSP amplitudes in substantia gelatinosa neurons to 41 Ϯ 10% of control that lasted for at least 2 hr. When A-and C-fibers were recruited, conditioning stimulation was as effective as A-fiber stimulation alone. After LTD, synaptic strength could be increased to its original level by applying a second, high-frequency tetanic stimulus to the dorsal root, indicating that LTD is reversible and not attributable to damage of individual synapses. Bath application of the GABA A receptor antagonist bicuculline and glycine receptor antagonist strychnine did not affect LTD. When NMDA receptors were blocked by bath application of D-2-amino-5-phosphonovaleric acid, LTD was abolished or strongly reduced. Loading substantia gelatinosa neurons with Ca 2ϩ chelator BAPTA also blocked or reduced LTD. After incubation of slices with calyculin A, a selective and membrane permeable inhibitor of protein phosphatases 1 and 2A, LTD was not attenuated. We propose that this form of LTD may be relevant for long-lasting segmental antinociception after afferent stimulation.
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Thermal and nociceptive sensory information is encoded by fine, thinly myelinated A␦-fibers and unmyelinated C -fibers. They terminate in the superficial spinal dorsal horn (Gobel and Falls, 1979; Light and Perl, 1979) where they make exclusively excitatory synaptic contacts with second-order neurons. It is now well established that afferent stimulation may facilitate or inhibit (Melzack and Wall, 1965; Le Bars et al., 1979; Pomeranz and Bibic, 1988 ) transmission of nociceptive information in the spinal dorsal horn. Electrophysiological studies in spinalized primates (Wagman and Price, 1969; Chung et al., 1984) , cats (Handwerker et al., 1975; Chung et al., 1983) , and rats (Woolf and Wall, 1982) have shown that cutaneous A-fiber stimulation selectively inhibits C -fiber-and noxious stimulus-evoked excitation of dorsal horn neurons. This segmental inhibition (Chung et al., 1983 (Chung et al., , 1984 may considerably outlast the duration of conditioning stimulation (Urban and Nashold, 1978; Pomeranz and Warma, 1988) . The spinal mechanisms underlying this prolonged antinociception are still not well understood, although pre-and postsynaptic mechanisms are likely to contribute to the inhibition.
GABA and glycine and their receptors are abundant in the spinal cord, including the substantia gelatinosa (lamina II) (Mitchell et al., 1993) . GABA acting on GABA A receptors may directly hyperpolarize cells by increasing Cl Ϫ conductances, and acting on GABA B receptors it may increase K ϩ conductances leading to hyperpolarization of spinal dorsal horn neurons (Kangrga et al., 1991) . GABA may presynaptically inhibit release of neurotransmitters by reduction of Ca 2ϩ entry. Spinal glycine receptor channels may have properties similar to those of GABA A receptor channels (Bormann et al., 1987) . Spinal blockade of GABA A and glycine receptors may lead to central sensitization and touch-evoked allodynia (Sivilotti and Woolf, 1994) .
Activity in the presynaptic terminal may directly alter synaptic strength. These activity-dependent changes in synaptic efficiency exist at various sites in the brain. Long-term potentiation (LTP) (Bliss and Collingridge, 1993) and long-term depression (LTD) (Dudek and Bear, 1992; Mulkey et al., 1993) of synaptic strength have been studied in detail in the hippocampus and other brain areas (Linden, 1994) . It has been shown that both phenomena require elevation in free cytosolic Ca 2ϩ concentration in the postsynaptic neuron (Malenka et al., 1988 Hartell, 1996) . L-glutamate or a related excitatory amino acid has been proposed as a transmitter of fast EPSP at primary afferent synapses with dorsal horn neurons on the basis of both biochemical and physiological evidences (King et al., 1988; Schneider and Perl, 1988; Yoshimura and Jessell, 1990; Yoshimura and Nishi, 1995) . The activation of the two known classes of glutamate receptors, ionotropic and metabotropic (Watkins and Evans, 1981; Honore et al., 1988) , may lead to an elevation of free cytosolic Ca 2ϩ levels (MacDermott et al., 1986; Ascher and Nowak, 1987; Mayer and Westbrook, 1987; Pin and Duvoisin, 1995) . Recently it has been shown that brief, tetanic stimulation of dorsal roots may lead to either LTP or LTD of synaptic transmission in primary afferents in the superficial spinal dorsal horn in a slice preparation from young rats (Randić et al., 1993) . High-frequency stimulation in the dorsomedial white matter of young rat spinal cord in vitro may result in LTP or LTD, or it may have no effect on amplitudes of field potentials recorded in intermediate gray matter (Pockett, 1995) . In intact animals, tetanic stimulation of afferent C-fibers may produce a robust LTP of C -fiber-evoked field potentials in the superficial spinal dorsal horn Sandkühler, 1995, 1997) . Here we describe a new form of long-lasting modification of synaptic transmission in primary afferents: a robust LTD of A␦-fiber-evoked mono-or polysynaptic EPSPs in substantia gelatinosa neurons by low-frequency stimulation of dorsal roots in vitro. This inhibition may be involved in long-lasting afferentinduced segmental antinociception.
MATERIALS AND METHODS
Preparation of spinal cord slice. Transverse slices were obtained from young Sprague Dawley rats of both sexes (18 -28 d old). Under deep ether anesthesia, segments of the lumbosacral (L 4 -S 1 ) spinal cord were removed, with long (8 -15 mm) dorsal roots attached. A Vibratome (Series 1000, Polysciences, Warrington, PA) was used to cut several transverse slices (400 -500 m) immediately rostral and caudal to the dorsal root entry zones in oxygenated Krebs-bicarbonate solution at 4°C. All slices were incubated for at least 1 hr in a solution that was equilibrated with 95% O 2 , 5% CO 2 and contained (in mM): NaC l 124, KC l 5, KH 2 PO 4 1.2, C aC l 2 2.4, MgSO 4 1.3, NaHC O 3 26, glucose 10, pH 7.4, at 34 Ϯ 1°C. The first slice was then transferred into a recording chamber where it was superf used with an oxygenated bath medium at 3-4 ml /min. The bath medium was identical to the incubation solution except for a lower concentration of potassium ions (1.9 mM). In some experiments a two-compartment system was used. The spinal cord slice was superf used with bath solution, and the dorsal root was placed in parafin oil for electrical stimulation and for recording compound action potentials in A␦-and C -fibers.
Recording and stimulation techniques. The substantia gelatinosa was identified as a translucent band in the superficial dorsal horn when viewed under a dissecting microscope with transmitted illumination (see arrow in Fig. 1 A) . Conventional electrophysiological technique was used for intracellular recording from substantia gelatinosa neurons, with single glass microelectrodes filled with 4 M potassium acetate, pH 7.2 (DC resistance 115-180 M⍀). Neurons were impaled by oscillating the capacitance compensation circuit of a high-input impedance bridge amplifier (Axoclamp 2A). The membrane potential was recorded continuously with a DC -pen recorder. A bipolar hook platinum electrode was used for electrical stimulation of primary afferent nerve fibers in the ipsilateral dorsal root (see Fig. 1 A) . A second bipolar hook electrode was used in some experiments to record compound action potentials from the dorsal root near the entry zone. The data acquisition and analysis software package "E xperimenter's Workbench (Version 4.0)" from Data Wave Technologies was used.
E xperimental protocol. Stimulation intensity of dorsal roots was adjusted to yield EPSP amplitudes of 5-15 mV. Pulse width was 0.1 msec unless stated otherwise. Test stimuli were applied at intervals of 60 sec. After 10 -15 stable responses were recorded, conditioning stimulation was applied, which consisted of 900 pulses given at 1 Hz. These stimulation parameters have been shown to induce LTD in Schaffer collateral -CA1 pathway Bear, 1992, 1993) . Three different stimulation protocols were used: (1) same stimulation intensity as test stimulation, (2) 10 V pulses, and (3) 25 V, 0.5 msec pulses. In some experiments a second conditioning tetanic stimulus was applied 30 min after cessation of the 1 Hz stimulus. Tetanic stimulation consisted of 25 V, 0.5 msec pulses given at 100 Hz for 1 sec three times at 10 sec intervals. To prevent neuronal firing during the course of an experiment and to favor induction of LTD, direct hyperpolarizing current (up to 0.1 nA) was passed through the recording electrode into the substantia gelatinosa neuron to hold the cell membrane potential negative to the threshold for action potential firing. The active bridge circuit of the preamplifier Axoclamp 2A was used for this purpose. Membrane holding potentials typically ranged between Ϫ75 mV and Ϫ85 mV. In any given cell the membrane potential was held within a 1-3 mV range. Input resistance was measured at 2 min intervals by passing a hyperpolarizing DC current of 0.05 nA for 200 msec.
Data anal ysis. Individual synaptic responses were digitized at 10 kHz with an analog-to-digital converter card (Data Translation DT 2821) and stored on disk for off-line analysis of EPSP amplitudes, initial slopes, and latencies. Membrane potential and input resistance were determined from each original recording. In addition, the averaged curves of two consecutive synaptic responses were stored and analyzed. The mean amplitude of seven averaged test responses recorded before conditioning stimulation served as controls. Significant changes from controls were assessed by comparing the amplitudes of seven consecutive responses immediately before conditioning stimulation with seven consecutive responses 22-30 min after conditioning stimulation. If not stated otherwise, time courses of depression of EPSP amplitudes were calculated from averaged responses. In some experiments spontaneous or miniature postsynaptic potentials were recorded. This activity was quantified by counting the number of potentials in 5 sec and by measuring the area under the curve of the spontaneous potentials. All values are expressed as mean Ϯ 1 SEM. Statistical comparisons were made using the nonparametric Wilcoxon rank sum test. Correlations were computed by the Pearson correlation coefficient; p Ͻ 0.05 was considered significant.
Application of drugs. Drugs were added to the superf usion solution at known concentrations. The drugs used were 6-cyano-7-nitroquinoxaline-2,3-dione (C NQX) (10 M; Tocris), D-2-amino-5-phosphonovaleric acid (D-APV) (50 M; C ambridge Research Biochemicals), bicuculline methiodide (5 M; Sigma, St. L ouis, MO), strychnine (2 M; Sigma), calyculin A (100 nM in 0.1% DMSO; LC Laboratories). All solutions were freshly prepared every day from stock solutions that were stored at Ϫ20°C. Free cytosolic Ca 2ϩ in postsynaptic neuron was buffered in some experiments by injecting 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetra-acetic acid (BAP TA, tetrapotassium salt) through the recording electrode. Hyperpolarizing current pulses (0.1-0.5 nA, 300 msec, 1 Hz) were given for 10 min. Conditioning stimulation of dorsal roots was given 20 -40 min later to ensure diff usion of BAP TA into the dendrites. The same protocol was used in control experiments, except that the recording electrode did not contain BAP TA.
RESULTS
Results are based on stable intracellular recordings of up to 5 hr obtained from 59 substantia gelatinosa neurons that received fast EPSPs driven by A␦-or C-afferent fibers or both. The resting membrane potential of 48 neurons examined was Ϫ70 Ϯ 2 mV (mean Ϯ SEM), and the mean amplitude of action potentials was 75 Ϯ 2 mV. Mean input resistance was 185 Ϯ 12 M⍀, and it did not change significantly after induction of LTD in any of the experimental groups. Under the present experimental conditions, stimulation thresholds for A␦-fiber volleys in dorsal roots were 2.3 Ϯ 0.4 V (0.1 msec pulses; n ϭ 7) and for C-fibers higher than 20 V with 0.1 msec pulses and 12.0 Ϯ 1.4 mV (0.5 msec pulses, n ϭ 4) when the stimulation electrode was placed at the interface between bath solution and air. Thresholds were consistently 1.0 -1.5 V lower when stimulating in oil. Figure 1C illustrates stimulus response functions of A␦-and C-fiber volleys in dorsal roots. The intensity of test stimulation of dorsal roots was adjusted between 0.5 and 8 V (0.1 msec) to typically yield EPSP amplitudes between 5 and 15 mV. EPSPs were evoked at latencies between 1.8 and 13.6 msec, indicating conduction velocities in afferent nerve fibers between 1 and 10 m/sec if central delay is considered to be 1 msec. The frequency distribution of conduction velocities in afferent fibers is shown in Figure 1 B. Purely C-fiber-evoked EPSPs were rarely seen in our experiments, possibly because of the type of slice used. Thus, the description of LTD is based on fast A␦-fiber-evoked EPSPs.
Monosynaptic EPSPs, which were evoked in 69% of the neurons, displayed constant latencies and absence of failures during repetitive stimulation of dorsal roots at 20 Hz. The EPSP amplitudes were monotonic functions of the intensity of electrical dorsal root stimulation. Individual stimulus response functions are shown in Figure 1 D. Steep stimulus response f unctions suggest that these neurons have input from a rather homogeneous population of afferent nerve fibers with similar electrical thresholds for activation. In agreement with previous reports (Yoshimura and Jessell, 1990; Randić et al., 1993; Barnes-Davies and Forsythe, 1995) , blockade of NMDA receptors with D-APV (50 M) slightly reduced EPSP amplitudes and reduced the duration of the EPSPs (data not shown). Additional blockade of AMPA/ kainate receptors with C NQX (10 M) always abolished EPSPs (data not shown). Thus, EPSPs were generated by glutamategated conductances, mainly of the non-NMDA type. To favor induction of LTD, postsynaptic neurons were hyperpolarized (Artola et al., 1990; Randić et al., 1993 ) (typically to Ϫ75 mV to Ϫ85 mV). These hyperpolarizing currents were small (0.01-0.1 nA) and did not affect EPSP amplitudes qualitatively. Maximal EPSP amplitudes increased by up to 10% at more negative membrane potentials.
LTD of synaptic efficiency by 1 Hz stimulation of A␦-fibers in dorsal roots
To test whether LTD can be induced at the synapses between primary afferent fibers and substantia gelatinosa neurons, we stimulated dorsal roots at 1 Hz for 15 min. In eight experiments the intensity of conditioning stimulation was identical to the intensity of test stimulation (0.5-8.0 V). Five minutes after cessation of conditioning stimulation, EPSP amplitudes of all eight neurons tested were depressed to a mean of 57 Ϯ 13% of control. There was usually a considerable recovery in response within 30 min (to 88 Ϯ 10% of control) (Fig. 2) . Thus, short-term depression but not LTD was induced. To test whether cooperativity between afferent A␦-fibers is required to induce LTD, the intensity of conditioning stimulation was raised to 10 V. At this stimulation intensity almost all A␦-fibers but only a few or no C-fibers are recruited (Fig. 1C) . These stimulation parameters produced a robust LTD that remained throughout the duration of the recording (30 -160 min) in all eight neurons tested (Fig. 3) . A, Photomicrograph shows a transverse spinal cord slice preparation with a long (Ϸ6 mm) dorsal root attached. A bipolar hook electrode is used for electrical stimulation of a dorsal root. The superficial laminae I and II are clearly visible as a translucent band in the dorsal horn (arrow). Inner diameter of ring equals 6.4 mm. B, Frequency distribution of conduction velocities of afferent nerve fibers, which evoked the early phase of EPSPs in substantia gelatinosa neurons (bin width is 0.5 m /sec; n ϭ 38). C, Compound action potentials in A␦-and C -fibers were recorded in dorsal roots in response to stimulation of dorsal roots with 0.1 msec pulses at 1-10 V. Bipolar hook stimulation electrode was placed at the interface between bath solution and air, and recording electrode was in paraffin oil (two-compartment chamber). Near-maximal amplitudes of dorsal root volleys were achieved in A␦-fibers at a stimulation intensity of 10 V. C-fibers were not recruited to a detectable degree at this stimulation intensity. D, Individual stimulus-response functions from 10 different substantia gelatinosa neurons are shown. EPSP amplitudes were monotonic f unctions of the stimulation intensity of the dorsal root (0.1 msec pulses).
Thirty minutes after conditioning stimulation, maximal amplitudes of EPSPs of all neurons were depressed to 41 Ϯ 10% of control (Fig. 3B ) and initial slopes of EPSPs were depressed to 43 Ϯ 13% of control. Amplitudes of monosynaptic EPSPs were depressed to 39 Ϯ 17% of control (n ϭ 4), and amplitudes of polysynaptic EPSPs were depressed to a similar degree (to 43 Ϯ 9%; n ϭ 4). The number of spontaneous excitatory postsynaptic potentials was counted for each of the eight neurons examined during a 5 sec interval and was not different before (13 Ϯ 2) and 20 -30 min after conditioning 1 Hz stimulation (14 Ϯ 3). The size of spontaneous EPSPs was determined as area under the curve and was not statistically different before and 20 -30 min after (to 84 Ϯ 24% of control) conditioning stimulation (Wilcoxon signed rank sum test; n ϭ 8). When a constant holding current was used, membrane potential was not affected by conditioning stimulation (Ϫ83 Ϯ 1 mV before and Ϫ82 Ϯ 1 mV 30 min after 1 Hz stimulation). Within the given range of membrane potentials (typically Ϫ75 to Ϫ85 mV, in a few neurons up to Ϫ94 mV), LTD was equally effective; thus magnitude of LTD was not correlated with V m (r s ϭ Ϫ0.108; p Ͼ 0.05).
To test whether additional recruitment of C -fibers during conditioning stimulation f urther depresses synaptic responses, stimulation parameters of 25 V and 0.5 msec were used. In three neurons that received both A␦-and C -fiber input from the dorsal roots, the time course of depression was not significantly different when compared with conditioning stimulation of A-fibers alone (Fig. 4) . Thus, cooperativity of C -fibers is not required for maximal expression of LTD. Consequently 1 Hz stimulation with 10 V, 0.1 msec pulses was used in all subsequent experiments.
Activation of GABA A or glycine receptors is not required for induction of LTD
In accordance with a previous report (Yoshimura and Nishi, 1995) , we found a strong tonic inhibition of evoked and spontaneous EPSPs in substantia gelatinosa neurons via GABA A and/or glycine receptors. When the GABA A receptor antagonist bicuculline (5 M) and the glycine receptor antagonist strychnine (2 M) were added to the bath solution, presumed, monosynaptically evoked EPSPs were increased, both in amplitude and duration (the latter up to 3 sec). In addition, polysynaptic and/or spontaneous EPSPs were superimposed on evoked EPSPs (data not shown). Pharmacological blockade of GABA A and glycine receptors had no discernible effect on the ability of slices to generate LTD of the similar magnitude (to 53 Ϯ 8% of control) seen in the slices perfused with control solution (Fig. 5, Table 1 ). Thus, neither GABA A nor glycine receptors are required for induction or maintenance of LTD in superficial spinal dorsal horn by 1 Hz stimulation of dorsal roots. 
Blockade of induction of LTD by NMDA receptor antagonist D-APV
NMDA receptor blockade by adding D-APV (50 M) to the bath solution throughout the recording period abolished or strongly reduced the induction of LTD in 8 of 11 neurons tested (Wilcoxon signed rank sum test; p Ͻ 0.05). In the same experiments high-frequency, high-intensity stimulation had no effect on EPSP amplitude (Fig. 6 A, Table 2 ). In three experiments D-APV was washed out for 40 -50 min and then a second 1 Hz conditioning stimulus was applied. Induction of LTD was blocked in the presence of D-APV (responses were to 96 Ϯ 8% of control) but recovered at least partially after wash-out (depression to 71 Ϯ 4% of control). These data suggest a possible involvement of NMDA receptors in the induction mechanisms of LTD.
Buffering postsynaptic Ca 2؉ with BAPTA attenuates LTD
Because NMDA receptor-dependent LTD in hippocampus requires a rise in postsynaptic C a 2ϩ (Dudek and Bear, 1992; Mulkey and Malenka, 1992) , an obvious question is whether presently described LTD could also be blocked by buffering postsynaptic C a 2ϩ . In four experiments the C a 2ϩ chelator BAP TA was added to the pipette solution (100 -200 mM) and injected into the postsynaptic cell using hyperpolarizing current pulses (see Materials and Methods). BAP TA blocked induction of LTD by conditioning 1 Hz stimulation in one cell (EPSP amplitude was to 111% of control 30 min after stimulation) and attenuated LTD in three other cells (mean depression to 70 Ϯ 8% control) (Fig. 7) . In two control experiments LTD was induced to 82 and 16% of control, respectively.
The role of protein phosphatases 1 and 2A in induction of LTD in spinal cord
It has been suggested that the level of phosphorylation of some phosphoproteins determines the magnitude of synaptic responses and that LTP may result from activation of protein kinases and LTD from activation of protein phosphatases (Lisman, 1989 (Lisman, , 1994 Malenka et al., 1989; Mulkey et al., 1993) . To test whether LTD by 1 Hz stimulation of dorsal roots involves protein phosphatases 1 and 2A, experiments were conducted in the presence of calyculin A, a potent selective and membrane-permeable inhibitor of protein phosphatases 1 and 2A. In the presence of calyculin A, LTD was to 15 Ϯ 6% of control (100 nM; n ϭ 4) (Fig.  8) . Table 1 summarizes the effects of conditioning 1 Hz stimulation on EPSP amplitudes of slices in a control medium, under conditions of pharmacological blockade of synaptic inhibition and blockade of protein phosphatases 1 and 2A by calyculin A.
High-frequency, high-intensity stimulation reverses LTD
To eliminate the possibility that LTD may reflect excitotoxicity at individual synapses rather than a true decrease in synaptic efficacy, we examined whether the depressed input could still undergo LTP after a high-frequency tetanus. In three neurons, tetanic stimulation produced LTP (Fig. 5A) ; in three other neurons tetanic stimulation reversed LTD, and in one additional neuron LTD was significantly reduced. This observation does not rule out presynaptic damage or neurotransmitter depletion of the conditioning primary afferent pathway, but it does mean that the depressed synapses are sufficiently viable to support the mechanisms underlying LTP (Dudek and Bear, 1992) .
Habituation of EPSP amplitudes during 1 Hz stimulation
To evaluate the immediate impact of 1 Hz stimulation (10 V, 0.1 msec pulses) on A␦-fiber-evoked EPSP amplitudes, responses were normalized to the EPSP evoked by the first stimulus of the 1 Hz train. Figure 9 illustrates the time courses of EPSP amplitudes during 1 Hz stimulation. When NMDA receptors were blocked by bath application of D-APV (50 M), the time course of inhibition was similar to that in control experiments (Fig. 9C) . Thus, habituation during 1 Hz stimulation, unlike LTD, does not require activation of NMDA receptors. When GABA A and glycine receptors were blocked by bicuculline and strychnine, the time course of habituation was different as compared with controls (Fig. 9D) . During blockade of protein phosphatases 1 and 2A by bath application of calyculin A (100 nM), habituation during 1 Hz stimulation seemed to be even stronger than under control conditions (Fig. 9E) . The mechanisms underlying these differences in habituation are presently unknown.
Paired-pulse depression of monosynaptically A␦-fiber-evoked EPSPs
In nine neurons, monosynaptic EPSPs were evoked by paired pulses at 50 msec intervals. In seven neurons, mean amplitude of the second EPSP was significantly reduced to 64 Ϯ 12% of the amplitude of the first EPSP. In two other neurons, the amplitude of the second EPSP did not change (101%) or was enhanced (138%). The paired-pulse depression of monosynaptic EPSPs was not abolished by NMDA receptor blockade during bath application of 50 M D-APV (depression to 72 Ϯ 3%) in seven neurons tested. Paired-pulse depression was unaffected (depression to 65 Ϯ 9%; n ϭ 5) by bath application of bicuculline (5 M) and strychnine (2 M). Pinco and Lev-Tov (1993) have also described a marked depression of monosynaptic EPSPs of ␣-motoneurons during 5-10 Hz stimulation of dorsal roots and a paired-pulse depression at interstimulus intervals ranging from 15 msec to 5 sec.
DISCUSSION
The present study describes a new form of LTD of excitatory synaptic transmission in substantia gelatinosa neurons from the rat spinal dorsal horn that can be induced by conditioning lowfrequency stimulation of primary afferent A␦-fibers.
Cooperativity of afferent A␦-fibers is required for induction of LTD
Low-frequency conditioning stimulation at test stimulation intensity induced a short-term depression, suggesting that the same synapses that are active during test stimulation are not sufficient to trigger the cellular events that are required for induction of LTD. In hippocampus and other areas of the brain, LTD is characterized by the phenomenon of cooperativity, i.e., the need to recruit a critical number of afferents during conditioning stimulation (Linden, 1994) . Here, conditioning stimulation of almost all afferent A␦-fibers was as effective as conditioning stimulation of all afferent nerve fibers in a dorsal root including afferent C-fibers. It seems, therefore, that the cooperativity of A␦-fibers but not afferent C-fibers is necessary to induce an LTD.
Role of inhibitory neurotransmission for LTD in spinal dorsal horn
The two major inhibitory neurotransmitters in spinal cord including substantia gelatinosa are GABA acting on GABA A and GABA B receptors and glycine acting on glycine receptors or on glycine-binding sites of the NMDA receptor. Low-frequency stimulation (0.5-5.0 Hz) of afferent nerve fibers may favor presynaptic GABAergic inhibition in spinal dorsal horn (Polc and Ducic, 1990) . In the presently used transverse slice preparation of the spinal cord, tonic release of GABA and/or glycine has profound effects on sculpturing EPSPs: amplitude and duration of EPSPs strongly increased during receptor blockade. To test the possibility that LTD is not a homosynaptic depression but rather a buildup of inhibition, we have blocked GABA A and glycine receptors simultaneously. This did not change the efficacy of conditioning low-frequency stimulation excluding any crucial role of these receptors for spinal LTD. Thus, LTD of neurotransmission in A␦-fibers may involve different cellular and synaptic mechanisms as compared with A-fiber-induced inhibition of C-fiberevoked responses in spinal dorsal horn, which has been proposed to involve presynaptic inhibition via inhibitory, possibly GABAergic, interneurons (Melzack and Wall, 1965) . Recent evidence suggests that activation of -opiate receptor activation is required for induction of LTD in spinal cord substantia gelatinosa (J. Zhong and M. Randić, unpublished observations).
Activation of NMDA receptors is required for induction of spinal LTD by low-frequency stimulation
The same pattern of conditioning stimulation may induce LTP or LTD, depending on the level of postsynaptic depolarization (Artola et al., 1990; Randić et al., 1993) . We have shown previously that conditioning stimulation of dorsal roots with high-frequency bursts (100 Hz) may produce LTP when the postsynaptic spinal dorsal horn neuron is depolarized to approximately Ϫ70 mV. The same conditioning stimulation, however, may evoke LTD when the same neuron is hyperpolarized to approximately Ϫ85 mV (Randić et al., 1993) . To favor induction of LTD in the present study, neurons were hyperpolarized to approximately Ϫ85 mV by injecting negative current. A voltage-dependent threshold mechanism may exist in the postsynaptic neuron that determines the direction of synaptic gain change (Artola et al., 1990) . It is believed that both LTP and LTD at synapses in various brain regions require elevation of free cytosolic C a 2ϩ concentrations via activation of NMDA receptors (Lisman, 1989; Bliss and Collingridge, 1993; Linden, 1994; Singer, 1995 (Lisman, 1989; Neveu and Zucker, 1996) . The absolute value of [Ca 2ϩ ] i may differentially affect activity of some phosphoprotein kinases (which may have high K D ) and some protein phosphatases [with K D values two to three orders of magnitude lower than those for kinase activation (Lisman, 1989 (Lisman, , 1994 ], which might lead to LTD and LTP, respectively.
NMDA-insensitive forms of LTD or LTP have been described and may involve [Ca 2ϩ ] i increases via Ca 2ϩ influx through voltage-sensitive Ca 2ϩ channels (Linden, 1994) or Ca 2ϩ release from intracellular stores via phospholipase C-IP 3 pathway (Johnston et al., 1992) . Here, blockade of NMDA receptors by bath application of D-APV abolished or reduced LTD by lowfrequency stimulation of afferent A␦-fibers in most neurons tested. Similar results were obtained when spinal LTD was induced by brief, high-frequency stimulation of dorsal roots (G. Cheng, J. Sandkühler, and M. Randić, unpublished observations). In contrast, habituation of EPSPs during conditioning 1 Hz stimulation was independent of NMDA receptor activation in the present study, indicating that the underlying mechanisms are different.
NMDA receptors are present postsynaptically, and the existence of presynaptic NMDA receptors in spinal cord dorsal horn has been suggested (Liu et al., 1994) . Thus, our results may not allow firm conclusions about the pre-or postsynaptic nature of the induction mechanism. Preliminary evidence suggests that buffering Ca 2ϩ in the postsynaptic neuron may reduce, albeit not reliably block, induction of LTD by low-frequency stimulation (1 Hz). Our recent data show that buffering postsynaptic Ca 2ϩ by BAP TA consistently and markedly reduced LTD by highfrequency stimulation (100 Hz) (G. Cheng, J. Sandkühler, and M. Randić, unpublished observations), suggesting that the relative importance of calcium-dependent processes in the postsynaptic neuron may be different in these two forms of spinal LTD. This conclusion is in line with the differential effect of the phosphatase inhibitor calyculin A, which blocked LTD by high-frequency stimulation (G. Cheng, J. Sandkühler, and M. Randić, unpublished observations) but failed to attenuate LTD by lowfrequency stimulation in the present study. Thus, different patterns of conditioning afferent stimulation may activate two distinct forms of spinal LTD: low frequency LTD, which in part appears to be independent of rise in postsynaptic C a 2ϩ and does not require activation of protein phosphatase 1 or protein phosphatase 2A, and high frequency LTD, which requires both rise in postsynaptic C a 2ϩ and activation of these phosphatases.
Possible biological function of LTD by low-frequency afferent stimulation
Continuous or repetitive stimulation often leads to reduced responses in sensory systems. This may include mechanisms such as adaptation, habituation, receptor desensitization or internalization, recurrent or feedback inhibition, or inhibition of neurotransmitter release by activation of autoreceptors. Some of these mechanisms are reversible within a few milliseconds to seconds. The presently described LTD of primary afferent neurotransmission may involve other mechanisms or may be the consequence of one of the above mentioned changes, e.g., a prolonged desensitization of postsynaptic receptors (Linden, 1994) or a decrease in neurotransmitter release. In any case, this LTD may effectively prevent buildup of excitation in repetitively stimulated pathways. Possibly, this LTD may be involved in long-lasting therapeutic effects of counterstimulation (Chung et al., 1983 (Chung et al., , 1984 such as electroacupuncture at low-stimulation frequencies, which is often most effective at stimulation intensities that produce tolerable pain (Walsh et al., 1995; Ward et al., 1996) . Thus, this form of counterstimulation excites fine primary afferent nerve fibers, some of which are nociceptors. Transcutaneous electrical nerve stimulation and dorsal root stimulation are often used at higher stimulation frequencies than those used in the present study. In some cases, however, low-stimulation frequencies were found to be more effective than high-stimulation frequencies (Walsh et al., 1995) . Finally, physical therapies that use cold or warm stimuli may evoke low-frequency impulses in thermosensitive A␦-fibers. Thus, various clinically effective treatments for the alleviation of pain might lead to an LTD of synaptic transmission between fine primary afferent nerve fibers and neurons in superficial spinal dorsal horn. 
